Abstract: A set of multilayer flexible metamaterials (MMs), which consist of three layers of parylene C films and three layers of gold split ring resonators (SRRs), was designed and fabricated. The transmission spectra of these MMs were measured in the terahertz (THz) region. Additionally, the structures of SRRs on each layer were changed from symmetric to asymmetric to investigate Fano resonances shown in these MMs. Meanwhile, by changing the thickness of each layer of parylene C, the coupling between different layers and the corresponding spectra change were explored. The results show that increased layers of MMs support new resonant modes and lead to Fano resonances with narrow linewidths in spectra. Therefore, this kind of multilayer flexible MM has potential applications in the THz biomolecule sensing field.
Introduction
Over the past few decades, negative refractive index (NRI) metamaterials (MMs), which are artificial materials which are usually composed of periodic metal structures and dielectric substrates, have been a research "hot field" due to their unique electromagnetic properties [1] - [5] . A typical example is to use periodic metal wires to provide effective negative permittivity and to utilize periodic split-ring resonators (SRRs) to provide effective negative permeability. Up to now, numerous approaches have been applied to modify the electromagnetic response of metamaterials. Those methods include modification of the substrate material or structure parameters (i.e., the periods of the metal structure and the substrate's permittivity). In particular, by changing the size scale of the metal structures as well as the periods, the operating frequency of metamaterials may step from the gigahertz (GHz) band to the terahertz (THz) region. Considerable efforts are underway to fill the "THz gap" in view of the useful potential applications of THz metamaterials in bio-sensing and light modulating. However, most of THz metamaterials are fabricated on hard substrates such as silicon, GaAs, silicon on sapphire (SOS) wafer and so on. Compared with flexible substrates, it is easier to fabricate THz metamaterials on hard substrates [6] - [8] . However, with developed fabrication technology, flexible substrates are extensively used as substrates of the THz metamaterials. Meanwhile, flexible THz metamaterials exhibit unique characteristics and extensive application potential as flexible metamaterials could stick on surfaces varying from a hard plane to a soft curved surface.
Recently, various flexible substrates such as polyimide, polyethylene terephthalate (PET), polyethylene naphthalate (PEN) and parylene C act as substrates in THz metamaterials [9] - [13] . Most studies about flexible metamaterials expected to get perfect absorbers, and sought application in biomedical diagnostic areas such as skin cancer detection [14] , [15] . Among the various flexible materials, polyimide is a kind of colored material; PET and PEN are not perfectly suitable for the traditional lithography process. Compared with the flexible materials mentioned above, parylene C film has merits such as good thermoplasticity, colorlessness, transparentness, environmental amity and good adhesion [16] - [18] . Therefore, parylene C can act as excellent covering for bio-accepted coating material implanted into the human body [19] . In addition, the preparation process of parylene C film is simple and its thickness can be easily controlled with the minimum accuracy as small as 100 nm. Therefore, the controllability in thickness and the good insulativity of parylene C film make it as a good material for dielectric spacer between different layers in 3-D metamaterials which are the stack of multilayers of the 2-D metamaterials.
In 3-D metamaterials, the coupling between different metal layers may introduce new resonance modes which are different with those in traditional symmetric metamaterials. Meanwhile, metamaterials with asymmetric structures from nanoscale to microscale are often used to demonstrate the Fano resonance phenomenon [20] - [28] . Fano resonances are usually caused by coupling of two different scattering modes, and result in sharp asymmetric line shapes in the spectra [20] , [25] . The high quality factors exhibited in Fano resonances are quite useful in biomolecule sensing. In particular, metal plasmonic nanostructures with the Fano resonance effect are utilized in localized surface plasmon resonance and surface-enhanced Raman scattering biosensors to detect the biomolecules or protein [21] , [26] . Recently, several researches proposed to break the symmetry of metamaterials and reported sharp asymmetric Fano resonances in the terahertz regime [29] - [32] .
Most of the flexible metamaterials demonstrating Fano resonances are single-layer ones. In our work, the geometry parameters of THz MMs were changed gradually, therefore the structure symmetry was broken and Fano resonances were observed. In addition, to explore the coupling characteristic of the MMs with multilayers and to extend the application of the multilayer flexible MMs, a set of multilayer MMs with different structures were designed, fabricated, and measured. The differences between single-layer metamaterials and multi-layer metamaterials in transmission spectra are investigated both numerically and experimentally.
Experimental Details
The geometrical parameters of the pattern shown in Fig. 1 To explore the characteristic of the MMs, the MMs with a single layer and multilayers were fabricated. The illustration of the fabrication processes is shown in Fig. 2 . The main processes include cleaning wafer, depositing parylene C film with different thicknesses (10 m and 2 m), lithography, depositing Au film, lift-off and peeling off the parylene C film. There are several processes critical to the multilayer flexible MMs; therefore, the detailed information of the key processes is described as following.
First, the first layer parylene C film (10 m thick) was deposited by Chemical Vapor Deposition (CVD) at room temperature on the cleaned silicon wafer. Second, lithography was performed to define the pattern of the desired planar metamaterials on the parylene C film. Thirdly, a 50 nm thick Ti layer was deposited as the adhesive layer, followed by a 200 nm thick Au film deposited by thermal evaporation. After a metal lift-off process, the designed single-layer planar metamaterials were fabricated.
To fabricate metamaterials with multilayers, the first layer parylene C film was treated by oxygen plasma to enhance the bind between the first layer and second layer. The second layer parylene C film (2 m or 10 m) was deposited on the single-layer metamaterial as the dielectric spacer, as shown in Fig. 2(d) . The processes of lithography, metal deposition and lift-off were then repeated to fabricate the second layer metamaterials. During the lithography process, the pattern of the second layer was aligned to SRRs on the first layer. The above steps were performed again and the tri-layer metamaterial was finally fabricated (see Fig. 2 (g)). Two kinds of multilayer flexible metamaterials, with the thicknesses of each parylene layer being 10/2/2 m or 10/10/10 m, respectively, were fabricated to compare the effect of the coupling distance between each metamaterial layer.
The fabricated MMs were peeled off from the supporting silicon substrate to form the multilayer flexible metamaterials. In the process of depositing parylene C film, silylation is a traditional standard process to improve adhesion between silicon and parylene C film because it can form a strong chemical bond. However, this makes it difficult to peel off the parylene C film from the silicon wafer. Therefore, the process of silylation is not used in the fabrication process, which helps to easily peel off metamaterials from the silicon wafer. Fig. 3(a) and (b) show photographs of fabricated flexible metamaterials wrapped onto a large beaker and twined on the glass rod.
Results

Single-Layer MMs
THz transmission spectra of the fabricated samples were measured with the THz TDS (timedomain spectroscopy) system. Meanwhile, corresponding finite-difference time-domain (FDTD) simulations were performed. The measured and simulated results were compared to investigate metamaterials properties on flexible substrates.
The geometry parameter D was generally tuned from 0 m to 18 m to introduce symmetry breaking in the metamaterial structures. Fig. 4 shows the THz transmission spectra of a set of single-layer metamaterials with the geometry parameter D being different. The direction of the incident electric field is parallel to the gaps of the double SRRs in Fig. 4(a) and vertically orientated in Fig. 4(b) . As a result, electric dipoles are excited in the SRRs arms. For the symmetric structure with D ¼ 0 m, the lengths l 1 and l 2 are equal. Therefore, the dipole resonance frequencies of different SRRs arms beside the gap are identical. As seen in Fig. 4(a) , the spectrum shows only one resonance dip at 2.11 THz because the dipole mode resonance parallel to the horizontally orientated electric field. Then, the asymmetry of the structure is broken with the increasing of the parameter D. Due to the different electric dipole moments of the coupled SRR arms, the electric filed and current directions are opposite, which result in the trapped mode (a nonradiative mode). Therefore, a transmission peak emerges in the spectrum with the asymmetric Fano line-shape.
In Fig. 4(b) , the transmission spectra of single-layer metamaterials are demonstrated while the incident electric field is vertically polarized. When D is 0 m, the structure is symmetric.
Therefore, the dipole resonances in different SRRs are identical. The spectrum shows only a resonance dip at 1.34 THz due to the dipole mode resonance in the vertically orientated arm which is parallel to the electric field. When the parameter D is further changed, two extra transmission dips which correspond to the magnetic dipole mode (at about 0.8 THz) and the quadrupole mode (at about 2.4 THz) are observed. These two modes happen due to the asymmetry of the structure. Meanwhile, the transmission spectra show Fano line shapes whose spectral positions and shapes are tuned by the geometry parameter of D. The depth of the transmission dips increase if D get larger, which indicate that Fano resonances depend on the asymmetry degree of the structure and the differences between two neighboring modes.
Multiple-Layers MMs
The model of the tri-layer metamaterial is shown in Fig. 5(a) . The thicknesses of parylene C layers are 2 m, 2 m and 10 m for layers L 1 , L 2 , and L 3 , respectively. First of all, the resonance properties of each gold metamaterial layers are investigated, and then, the tri-layer metamaterials are divided into four individual parts, which is demonstrated in Figs. 5(b) -(e). For different parts, the thickness of the parylene C film substrate and the covering media are different. Therefore, the single-layer metamaterials are the same as part M4 (Fig. 5(e) ), and the bi-layer metamaterials are a combination of parts M2 (see Fig. 5 (c)) and M3 (see Fig. 5(d) ). The FDTD method was used to analyze the characteristics of the four structures shown in Fig. 5(b) -(e). The simulated transmission spectra are shown in Fig. 5(f) with the incident light polarized along the gap of SRRs and the parameter D which is equal to 0 m. The dips in Fig. 5(f) correspond to dipole modes of the metamaterials. As is well known, the resonance frequency of a metamaterial decreases when the refractive index of the environmental medium gets larger. Compared with part M1 (see Fig. 5(b) ), part M2 has a covering layer composed of parylene C film, instead of the air. As the refractive index (∼1.6) of parylene C is larger than that of the air, the structure part M2 owns a lower resonance frequency. In a similar way, part M3 shows a lower resonance frequency compared with part M4. For parts M2 and M3, which are both covered with a layer of parylene C film, the larger thickness of the parylene C film substrate leads to the lower resonance frequency of part M3.
When the different structure parts are combined together, the dipole modes of different metamaterial layers couple with each other and result in the transmission spectra of multi-layer metamaterials. The comparisons among simulated transmission spectra of single-layer, bi-layer and tri-layer metamaterials with D ¼ 0 m are presented in Fig. 5(g) . The results show that there exists one transmission dip in the spectrum of the single-layer metamaterials, two dips for the bi-layer metamaterials and the three dips for tri-layer metamaterials. These results are consistent with those in Fig. 5(f) , which indicate that metamaterials in different layers (see Figs. 5 (b)-(e)) have different resonance frequencies. Additionally, electric field profiles are demonstrated in Fig. 6 , which is helpful to understand the nature of the multiple dips shown in Fig. 5  (g ). These electric field profiles correspond to the transmission dips of the tri-layer metamaterial at 1.65 THz, 1.68 THz, and 1.96 THz, respectively. Meanwhile, the results also show that, at each dip, electric field enhancements are located at gaps in different layers of metamaterials. Due to the thick parylene C film surrounding the metamaterials, the bottom layer and the middle layer exhibit lower resonance frequencies compared with the top layer whose upper surface exposes to the air, as has been demonstrated in Figs. 5 and 6 .
The simulated spectra show sharp Fano resonance peaks at 1.75 THz for the bi-layer metamaterial and 1.67 THz for the tri-layer metamaterial (see Fig. 5(g) ). These peaks are associated with the trapped mode, which is a nonradiative mode. As depicted in Fig. 6(d) , the electric field directions are opposite in the middle layer and the bottom layer of the tri-layer metamaterials. In the case of the bi-layer metamaterials, the electric dipoles out of phase in different layers counteract with each other. This gives rise to a weaker scattering field as well as a sharp transmission peak, instead of a broad transmission dip caused by the overlap of dips at 1.68 THz and 1.96 THz. This phenomenon is an analog of the so-called electromagnetic induced transparency (EIT), which may exhibit extremely sharp transmission peaks. The transmission peak is more evident when the separation distance between different layers decreases to 1 m, as the coupling strength between different layers is enhanced. When the separation distance increases, the coupling strength declines and the transmission peak due to the trapped mode disappear. Meanwhile, the resonance frequencies changed with the separation distance, which is verified by comparing the transmission spectra of the tri-layer metamaterials with different separation distances of layers in Fig. 7(a) . The separation distances is the thickness of the each layer with 1 m, 2 m, and 10 m in Fig. 7(a) .
The fabricated multi-layer THz metamaterials were simulated and their transmission spectra were shown in Fig. 7(a) . Measured transmission spectra of the MMs with the different geometry parameters D (0, 3, 6, 9, and 12 m) were shown in Figs. 7(b)-(f) , respectively. Thicknesses of the three layers of parylene C substrate from top layer to bottom layer are 2, 2, and 10 m, respectively. For the case Fig. 7(a) , the results are similar with that of the measured results for three layers in Fig. 7(b) . The single-layer metamaterials have only one transmission dip, while two dips for the bi-layer metamaterials and three dips for the tri-layer metamaterials, as plotted in Fig. 7(b) . When the parameter D increases (from Fig. 7(b)-(f) ), some dips degenerate to shoulder peaks in Fig. 7(c)-(f) ; however, they can still be distinguished and are marked as f1, f2, and f3, corresponding to resonance frequencies from the top layer to the bottom layer.
The multiple resonances presented by multilayer metamaterials provide an approach to realize sharp Fano line shapes in terahertz spectra. Experiment results have also demonstrated that the Fano line shape depends on the coupling distance between different layers of 3D metamaterials and the gap position of the SRRs. The transmission peaks with narrow linewidths shown in THz spectra of multilayer metamaterials can offer high quality factors and sensitivity in biomolecule sensing.
Conclusion
Multilayer flexible THz metamaterials consisting SRR arrays were presented to explore the influence of the gap position of double SRRs on the THz transmission property and to investigate the coupling properties between different layers of the multilayer MMs. During the fabrication, parylene C film was used as the flexible substrate and also applied as a good dielectric spacer between different layers of SRR arrays in the multilayer metamaterial. THz transmission spectra of the samples under both vertically and horizontally polarized incident light were measured and simulated. By tuning the gap position of SRRs, the structure became asymmetric, which result in sharp Fano resonances. Especially, the influences of separation distance between different layers and the geometry parameter D were detailedly investigated both theoretically and experimentally. The increase of metamaterial layers results in multiple transmission dips and peaks in the THz spectra. The results show that a thinner spacing layer of parylene C film enhances the coupling strength between different SRRs layers and leads to sharp Fano resonance peaks, which is significant for applications in bio-sensing.
